The quantum acoustoelectric (QAE) current is studied by a quantum kinetic equation method and we obtain analytic expression for QAE in a cylindrical quantum wire with an infinite potential (CQWIP) GaAs/GaAsAl. The computational results show that the dependence of the QAE current on the radius of CQWIP GaAs/GaAsAl, the Fermi energy ¾ F and temperature T is non-monotonic, and the appearance of peak when the
Introduction
When an acoustic wave propagating in a conductor creates a net drag of electrons and hence an acoustoelectric (AE) current or, if the circuit is disconnected, a acoustoelectric potential difference. The study of this effect is crucial because of the complementary role it may play in the understanding of the properties of low-dimensional systems (quantum wells, superlattices, quantum wires+).
As we know, low-dimensional structure is the structure in which the charge carriers are not free to move in all three dimensions. The motion of electrons is restricted in one dimension (quantum wells, superlattices), or two dimensions (quantum wires), or three dimensions (quantum dots). In lowdimensional systems, the energy levels of electrons become discrete and the physical properties of the electron will be changed dramatically and in which the quantum rules began to take effect. Thus, the electron-phonon interaction and scattering rates 1) are different from those in bulk semiconductors. The linear absorption of a weak electromagnetic wave have been studied in the low-dimensional structure.
24)
The quantum kinetic equation was used to calculate the nonlinear absorption coefficients of an intense electromagnetic wave in quantum wells 5) and in quantum wires. 6) Also, study on the effect of AE in the normal bulk semiconductor has received a lot of attention. 710) Further, the AE effect was measured experimentally in a submicronseparated quantum wire 11) and in a carbon nano-tube.
12)
However, the calculation of the QAE current in a CQWIP by using the quantum kinetic equation method is unknown. Throughout, 5, 6) the quantum kinetic equation method have been seen as a powerful tool. So, in a recent work 13) we have used this method to calculate the QAME field in a QW. In the present work, we use the quantum kinetic equation method for electron-external acoustic wave interaction and electronacoustic phonon (internal acoustic wave) scattering in the CQWIP GaAs/GaAsAl to study the QAE current. The present work is different from previous works 710) because: 1) the QAE current is a result of not only the electronexternal acoustic wave interaction but also the electronacoustic phonon scattering in the sample; 2) we use the quantum kinetic equation method; 3) we show that the dependence of QAE current on the Fermi energy ¾ F , the temperature T of system and the characteristic parameters of CQWIP GaAs/GaAsAl is nonlinear; 4) we discussed for the CQWIP GaAs/GaAsAl, which is a one-dimensional system (the CQWIP GaAs/GaAsAl) and these results are compared with those for the bulk semiconductor, 710) superlattice. 14, 15) This paper is organized as follows: In Section 2, the QAE current is calculated through the use of the quantum kinetic equation method. In section 3, the QAE current is discussed for specific CQWIP GaAs/GaAsAl. Finally, we present a discussion of our results in section 4.
The Analytical Expression for QAE Current in a CQWIP GaAs/GaAsAl
We consider a CQWIP structure of the radius R and length L with an infinite confinement potential. Due to the confinement potential, the motion of electrons in the Oz direction is free while the motion in (x-y) plane is quantized into discrete energy levels called subbands. Then the eigenfunction of an unperturbed electron in the CQWIP is expressed as
here N = 1, 2, 3, + is the radial quantum number; n = 0, «1, «2, + is the azimuth quantum number; R is the radius of the CQWIP; L is the length of the CQWIP;p ¼ ð0; 0; p z Þ
where m is the effective mass of the electron. We assume that an external acoustic wave of frequency ½q is propagating along the CQWIP axis (Oz) and the acoustic wave will be considered as a packet of coherent phonons with the ¤-function distribution ink-space NðkÞ ¼ º¤ðk ÀqÞ, where º is the flux density of the external acoustic wave with frequency ½q, v s is the speed of the acoustic wave, q is the external acoustic wave number. We also consider the external acoustic wave as a packet of coherent phonons. Therefore, we have the Hamiltonian describing the interaction of the electron-internal and external phonons system in the CQWIP in the secondary quantization representation can be written as H ¼ X n;N;p z ¾ n;N;p z a þ n;N;p z a n;N;p z þ X n;N;n 0 ;N 0 ;k I n;N;n 0 ;N 0 Cka
where Ck ¼ Ã ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi k=ð2μv s SLÞ p is the electron-internal phonon interaction factor, μ is the mass density of the medium, $ is the deformation potential constant, Cq ¼ iÃv
=ð2μFSÞ p is the electron-external phonon interaction factor, with
is the velocity of the longitudinal (transverse) bulk acoustic wave, a þ n;N;p z (a n;N;p z ) is the creation (annihilation) operator of the electron; b þ k (bk) is the creation (annihilation) operator of internal phonon and bq is the annihilation operator of the external phonon. The notation jn;ki is the electron states before interaction and jn 0 ;k þqi is the electron states after interaction. U n,N,nA,NA is the matrix element of the operator U = exp(iqy ¹ k l z):
1/2 is the spatial attenuation factor of the potential part the displacement field and I n,N,nA,NA is the electronic form factor:
with q ? is the wave vector in the plane Oxy.
To set up the quantum kinetic equation for electrons in the presence of an ultrasound, we use equation of motion of statistical average value for electrons ih " @hf n;N;p z ðtÞi t @t ! QAE ¼ h½a þ n;N;p z a n;N;p z ; Hi t ; ð6Þ
where the notation hXi t is mean the usual thermodynamic average of the operator X and f n;N;p z ðtÞ ¼ ha þ n;N;p z a n;N;p z i t is the particle number operator or the electron distribution function.
Use the Hamiltonian in the eq. (3) replaced into the eq. (6) and realizing operator algebraic calculations like in Ref. 13) , we obtain the solution of the quantum kinetic equation for electrons in CQWIP GaAs/GaAsAl in the form of the function f (t) as follows
where¸is relaxation time of momentum, f n;N;p z is the electron distribution function, N q is the particle number external phonon, N k is the particle number internal phonon and ¤ is the Kronecker delta symbol. We found that the expression (7) has the same form as the expression obtained in Ref. 13 ), but the quantities of expressions additional indicators specific to quantum wires and they also have the completely different values. The density of the QAE current is generally expressed as
here v p z is the average drift velocity of the moving charges and it is given by v p z ¼ @¾ n;N;p z =@p z . Substituting eq. (7) into eq. (8) and taking¸to be constant, we obtain for the density of the QAE current in the CQWIP GaAs/GaAsAl
Â fðf n;N;p z À f n 0 ;N 0 ;p z þk Þ¤ð¾ n 0 ;N 0 ;p z þk À ¾ n;N;p z À h " ½kÞ þ ðf n;N;p z À f n 0 ;N 0 ;p z Àk Þ Â ¤ð¾ n 0 ;N 0 ;p z Àk À ¾ n;N;p z þ h " ½kÞgdp z þ eḩ " 3 X n;N;n 0 ;N 0 ;q Z v p z jC q j 2 jU n;N;n 0 ;N 0 j 2 N q Â fðf n;N;p z À f n 0 ;N 0 ;p z þq Þ Â ¤ð¾ n 0 ;N 0 ;p z þq À ¾ n;N;p z þ h " ½k À h " ½qÞ À ðf n 0 ;N 0 ;p z Àq À f n;N;p z Þ Â ¤ð¾ n 0 ;N 0 ;p z Àq À ¾ n;N;p z À h " ½k þ h " ½qÞgdp z :
By carrying out manipulations, we have received analytic expressions for the density of the QAE current in the CQWIP GaAs/GaAsAl as follows:
, with ¢ = 1/k B T, k B is the Boltzmann constant, T is the temperature of the system and ¾ F is the Fermi energy.
The eq. (10) is the expression of the QAE current in the CQWIP GaAs/GaAsAl. The results show the dependence of the QAE current on the temperature of system, the Fermi energy and the radius of the CQWIP GaAs/GaAsAl are nonlinear. These results are different from the results of other authors have obtained in the bulk semiconductor, 710) superlattice. 14, 15) The cause of the difference between the bulk semiconductor, 710) superlattice 14, 15) and the CQWIP GaAs/ GaAsAl is characteristics of a one-dimensional system, in one-dimensional systems, the energy spectrum of electron is quantized in two dimensions and exists even if the relaxation time¸of the carrier does not depend on the carrier energy.
Numerical Results and Discussions
To clarify the results obtained, in this section, we consider the QAE current in the CQWIP GaAs/GaAsAl. This quantity is considered to be a function of the temperature T, the Fermi energy ¾ F and the radius R of CQWIP GaAs/GaAsAl. The parameters used in the numerical calculations 6, 13) are as follow:¸= 10 ¹12 s, º = 10 4 W m ¹2 , μ = 5320 kg m ¹3 , v l = 2 © 10 3 m s
¹1
, v t = 18 © 10 2 m s ¹1 , v s = 5370 m s ¹1 , $ = 13.5 eV, m = 0.067 m e (m e is the mass of free electron).
Figures 1, 2 present the dependence of the QAE current on the radius R of the CQWIP GaAs/GaAsAl at different values for the temperature T and the external acoustic wave frequency ½q, respectively. In Fig. 1, 2 there is one peak when the condition ½q ¼ ½k þ GaAs/GaAsAl may be due to the transition between minibands (n ! n 0 and N ! N 0 ). When we consider the case n = nA and N = NA. Physically, we merely consider transitions within sub-bands (intrasubband transitions), and from the numerical calculations we obtain j QAE ¼ 0, where mean that only the intersubband transition (n 6 ¼ n 0 and N 6 ¼ N 0 ) contribute to the j QAE . These results are different from those in the normal bulk semiconductors, 710) in the limit of R approximates micrometer-sized, the electron confinement ignore, there does not appear peaks, this result is similar to the results obtained in the normal bulk semiconductors.
710)
These results are also different from those in superlattice. 14, 15) Here, the difference is about shape graph and number of peaks. In addition, Fig. 2 shows that the peaks move to the larger frequency of the radius when the frequency of external acoustic wave ½q increases. In contrast, Fig. 1 shows that the positions of the maxima nearly are not move as the temperature is varied because the condition ½q ¼
(n 6 ¼ n 0 and N 6 ¼ N 0 ) do not depend on the temperature. Therefore, We can use these conditions to determine the peak position at the different value of the acoustic wave frequency or the parameters of the CQWIP GaAs/GaAsAl. This means that the condition is determined mainly by the electron's energy. . Fig. 2 The dependence of the QAE current on the radius R of the CQWIP GaAs/GaAsAl at different values of the acoustic wave frequency . From the results of research on the absorption coefficient of electromagnetic wave in superlattice, quantum well, quantum wire 36) was explained by transition between the mini-bands and electron confinement in the low-dimensional structures. This is basic to conclude the existent peak in the CQWIP GaAs/GaAsAl may be due to the electron confinement in one-dimensional structures and transition between mini-bands (n ! n 0 and N ! N 0 ).
Conclusion
In this paper, we have theoretically investigated the QAE in the CQWIP GaAs/GaAsAl. We found the strong nonlinear dependence of the QAE current on the temperature T, the Fermi energy and the radius of the CQWIP GaAs/GaAsAl. The importance of the present work is the appearance of peak when the condition ½q ¼ ½k þ h " 2 ðB 2 n 0 ;N 0 ÀB 2 n;N Þ 2mR 2 (n 6 ¼ n 0 and N 6 ¼ N 0 ) is satisfied. Our result indicates that the dominant mechanism for such a behavior is the electron confinement in the CQWIP GaAs/GaAsAl and transitions between minibands.
The result of the numerical calculation was done for the CQWIP GaAs/GaAsAl. This result have shown that the dependence of the QAE current on the radius R of the CQWIP GaAs/GaAsAl has a maximum peak at a certain value R = R m although we change the temperature of system. However, if the frequency of acoustic wave varies, the peaks position have a shift. The QAE exists even if the relaxation time¸of the carrier does not depend on the carrier energy, and the results are similar to those for two-dimensional systems. 14, 15) This differs from bulk semiconductors, because in bulk semiconductors, 710) the QAE current vanishes for a constant relaxation time. These results are also different from the results of other authors have superlattice. 14, 15) So, the dependence of a QAE current on some qualities in a CQWIP GaAs/GaAsAl is newly developed. Fig. 3 The dependence of the j QAE current on the temperature T and the Fermi energy ¾ F . Here ½ q ¼ 3 Â 10 11 s
¹1
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